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Abstract

Wound healing in animals is important to minimize the fithess costs of infection. Logically, a
longer healing time is associated with higher risk of infection and higher energy loss. In wild
mammals, wounds caused by aggressive intraspecific interactions can potentially have
lethal repercussions. Clarifying wounding rate and healing time is therefore important for
measuring the severity of the attacks. In addition, impact of secondary damage of wounds
(e.g., accidental peeling off of scabs) on heeling time is unknown despite the risk of infection
in wild mammals. In baboons, most male injuries have been reported to result from male to
male fights. Here, we investigated the relationship between wound size and healing time in
wild anubis baboons to clarify the healing cost of physical attacks including secondary dam
age of wounds. Observations were conducted daily between August 2016 and July 2017 in
Kenya for seven adult male anubis baboons. The individual wound rate was one per month
on average. In 16 cases, we were able to assess the number of days required for wound
healing, and the median healing time was 13 d. Wound healing time was longer for larger
wounds. When the scab was peeled off accidentally because of external factors, healing
time became longer. One of the causes of scabs’ peeling off was baboons’ scab-picking
behavior, and the behaviour was considered self-injurious behavior. However, its predicted
healing cost might not be high. We concluded that wounds less than 800 mm? (the largest
observed in this study) in baboon males have little effect on survival. Our results suggest
that lethal wounds by physical attacks rarely occur in male baboons, and that healing time
and delay caused by secondary damages can be estimated by measuring wound area.

Introduction

In animals, wound healing is important to minimize the fitness costs incurred by infection [1-
5]. When cutaneous wounds fail to heal, animals can experience high risk of infection [2, 3].
Moreover, injuries can affect reproductive activities, increase predation risk, and decrease
feeding opportunities in wild vertebrates such as lizards [6], bats [7], red deer [8, 9], and pri-
mates [10-12].
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Wound healing is costly in terms of energy [13-15]. Logically, a longer healing time is asso-
ciated with a higher risk of infection or suppuration, and higher energy loss to the healing
process. Healing time is therefore an important indicator for measuring wound severity, par-
ticularly in the wild, where bacterial and viral infections are more likely to occur than under
laboratory conditions [14]. A few studies measured healing time in the wild [10, 15-19].
Whereas small wild vertebrates (e.g., lizards [15] and bats [16, 19]) can be captured, subject to
standardized wounds, and then returned to their natural habitat where wounds can be moni-
tored by recapturing these animals, large- and medium-sized wild vertebrates cannot be sub-
jected to standardized wounds, released, and then recaptured. Instead, researchers wait for
natural wounds to occur in target animals and record qualitative observations of wound heal-
ing [10, 17, 18], and thus little is known on the relationships between wound area and healing
time in large- and medium-sized wild animals.

Moreover, in wild animals, the effect of secondary damage to wounds (e.g., peeling scabs)
on heeling time has not been investigated, despite their recognized risk of infection. When
scabs are peeled off accidentally during the healing process, the risk of infection increases, and
healing time might increase. Scabs are formed on the wound surface during the healing pro-
cess [20], and peel off naturally at the end of epidermis regeneration. Although scabs have
some functions, including provision of a barrier against foreign material, holding wound
edges in approximation, facilitation of wound contraction, and minimization of fluid loss [21],
they have been reported to slow epithelialization [22]. The influence of peeling of scabs acci-
dentally on healing time is unknown in wild animals.

Wounds caused by aggressive intraspecific interactions can potentially have lethal repercus-
sions in wild mammals [23, 24]. Adult males wound more often than other age/sex classes in
several mammals (e.g., elephant seals [25], bottlenose dolphins [26] and primates [27, 28]),
and most of these wounds have been reported to result from fights between males (e.g.,
muskox [29], deer [8, 9, 30], and primates [28, 31]). Escalation of every fight between males is
disadvantageous in social mammals because they could drop their rank, and a third individual
might benefit more than either contestant [23, 32, 33]. Wound costs of fights between males
can be elucidated quantitatively by measuring wound healing time.

Male baboons, which are medium-sized mammals, are suitable subjects for determining the
severity of wounds because several studies are available on their wounds in the wild [10, 17, 18,
28, 34]. In addition, most injuries in male anubis baboons (Papio anubis) have been reported
to result from fights between males [28]. Moreover, mutual biting in fights between males is
more common than non-mutual biting [34], and both winners and losers can be wounded
during fights, although anubis baboons seem to avoid seriously wounding each other. How-
ever, it is unclear how much healing costs when male baboons sustain large injuries because
catching medium-sized wild primates to assess healing time is difficult.

The present study aimed to determine the cost of wounds by measuring their healing time
in wild anubis baboons, because assessing the consequences of physical attacks between
males of this species is important. Previous studies in wild primates have adopted wound
length as an indicator of wound size [10, 17]. However, because wounds spread in two
dimensions, it may be insufficient to track one-dimensional length changes during wound
healing. As so, we first constructed a “healing model” based on wound area to predict healing
time (in days), and using this model we then elucidated the predicted delay in healing at the
secondary damage of the wound. We predict that healing time is delayed when scabs were
peeled off accidentally. The findings of the present study allow quantifying healing time,
which might be used as a predictor of the cost of wounds, including the cost of secondary
damage (e.g., peeling scabs).
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Methods

This research was approved the National Commission for Science, Technology, and Innova-
tion of Kenya (NACOSTI/P/16/84320/12475).

Definitions of terms

Cutaneous wounds: Wounds (cut, tear, and puncture) [10] that result in a complete breakage
of the skin. Blood or scabs can be observed on the wound area. We did not include superfi-
cial wounds that result only in partial breakage of the skin [35].

Scab: Dark red or brown skin crust formed when serum leaks from a damaged area, mixes
with pus and dead skin, and then clots.

Healing day: Cutaneous wounds were considered healed when there was no scab on the
wound site, leaving only scars or re-epithelialized tissue [10, 17, 18]. The healing day was
confirmed by checking the day on which the wound was healed and the day before the
wound was healed. in order to know the accurate date when the scab naturally peeled off.

Accidental peeling off of scabs (APS): A scab formed, but peeled off early during the healing
process, leading to the exposure of the red part of the wound; however, another scab formed
subsequently, and healing resumed. We called a case that included an APS day "APS case".
We did not include the case wherein scabs peeled off naturally once the wound had healed
sufficiently, and no secondary scab was formed. We called a case that did not included any
APS day "non-APS case".

Study site, period and subjects

The study was conducted at the Mpala Research Centre, Laikipia District, Kenya (0°17'N, 36°
53’E). We conducted field observations for 271 days, from August 19, 2016 to July 23, 2017.
The anubis baboon (P. anubis) Al group, which had been habituated since 2011 by A.M.O.
[36] was used as the subject group, and comprised 52-58 individuals, including infants,
throughout the study period. Our study subjects were seven adult males. Their age-classes
were judged based on apparent weight, size of canines and testicles, and immigration history.
During the study period, due to immigration, the number of adult males in group AI changed
from four to six individuals. We did not analyze the relationship between social rank and
wound healing time because social rank among adult males changed during the study period.

Data collection

On each day of the observation period, we checked whether all adult males in our subject
group were wounded. When subjects experienced cutaneous wounds (e.g., Fig 1), we took
periodic photographs or videos of the wounds until they had healed. When wounds were con-
cealed beneath hair, measurement of the wound area was difficult. In the 16 cases included in
our analysis (S1 and S2 Tables), the average observation interval for wounds (observation date
to previous observation date) was 1.34 d (range: 1.0-6.0 d). When the photographs that were
not sufficiently clear to measure the wound area were excluded from the analysis, the average
measurement interval for the wounds was 1.81 d (range: 1.0-6.0 d).

Photography-based body size and wound measurements

We used a video camera (Sony FDR-AX30) or digital camera (Sony Cyber-Shot HX
DSC-HX60V) to record wounds (e.g., Fig 1). To measure the body size, we took photographs
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Fig 1. Examples of cutaneous wounds of the anubis baboon male.

https://doi.org/10.1371/journal.pone.0205017.g001

or videos of the subjects and natural scales (e.g., trees and stones) together. We captured the
photograph when the natural scale and the target individual were in the same plane, parallel to
the lens of the camera. After the subject had left, we placed a meter-stick and photographed
the same location. After measuring the natural scale with the meter-stick, we measured the
body parts of the subject (ear length, tail thickness, hand length, hand width, or wrist length)
using Image] software (http://rsbweb.nih.gov/nih-image/). All male baboons except one were
measured at least four times, and each body part of each male baboon was measured one to six
times. The average size of each body part of each baboon was used as the scale for wound mea-
surements. Wound length was measured as the longest span in any direction, and wound
width as the longest span perpendicular to the length (Fig 2A). We followed the definition of
wound area proposed by Rennert et al. [37]. We traced the wound edge in Image] using the
computer mouse and calculated total wound area. Re-epithelialized tissue toward the wound
edge was lighter in color than normal skin, and it was not included in the wound area mea-
surement. When the cutaneous wound was considered as a single wound but not continuous
wounds, we measured the healing time of the wounds separately. We measured the wound
area twice to reduce measurement error and used average wound area in the analysis. The data
are provided in S2 Table.

Data analysis

Daily rate of cutaneous wounds. We determined the daily wound rate for each subject by
using the following formula:

daily rate of cutaneous wounds

number of cutaneous wounds

B days during observation period of the subject, including non — observation days*

a: we counted the days during the observation period that the subject was checked in the AI
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Fig 2. Wound area, length, and width. (A) Measurement of wound length and width. (B) Histogram of wound area on the
first day (N = 16, S1 Table). Non- Accidental peeling off scabs (APS) cases are shown in white (N = 8), and APS cases are
shown in black (N = 8). In the non-APS cases, the median wound area on the first day was 52.6 mm? (range: 18.9-616.9
mm?) and the median healing time was 9.5 d (range: 6-27 d). Non-APS cases included five of the seven individuals. In eight
APS cases, the median wound area on the first day was 165.3 mm? (range: 25.0-812.3 mm?) and the median healing time was
18.5 d (range: 8-42 d). APS cases included five of the seven individuals. (C) Relationships between wound length and width
on the first day of wounding (N = 16, S1 Table). The median length of wounds was 35.2 mm (N = 16, range: 5.5-60.0 mm)
and the median width was 6.1 mm (N = 16, range: 2.9-17.9mm).

https://doi.org/10.1371/journal.pone.0205017.9002

group because we sometimes counted wounds that were not fresh and seemed to be a few days
old.

Category of two successive measurement points in the wound area during healing pro-
cess. In order to examine the healing delay due to APS, we divided the two successive mea-
surement points of wound area during the healing process into three categories. (1) normal
process (non-APS — non-APS), (2) during APS (non-APS — APS, or APS — APS), and (3)
after APS (APS — non-APS). For the analysis, we used only the data when we could measure
the wound area for two successive days.

Predicted delay time. The delay, in days, was predicted from the “healing model” we
constructed based on the non-APS case by using generalized additive mixed effect models
(GAMMs; see statistical analysis for details, Table | GAMM-1). The predicted delay was
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calculated using the following formula:

predicted delay time = (Pt, — Pt;) + 1

where ty: date of measurement, t;: the day after t;, W: the wound area at ty, W;: the wound
area at t; Pty: the predicted healing day of W, from the healing model, Pt;: the predicted heal-
ing day of W from the healing model.

The closer the value is to zero, the closer is the expected value. A positive value means that
the healing time is longer than the expected value.

Proportion of peeled scabs in the wounded area. To assess the impact of the size of
peeled scabs on healing delay, the proportion of peeled scabs in the wounded area was calcu-
lated as:

proportion of pealed scabs to the wound area (%)

(area of scabs before the day of APS) — (area of scabs at the day of APS)
(wound area before the day of APS)x100

Statistical analysis. All tests were performed in R 3.4.2 [38], with packages including
Ime4 [39] and gamm4 [40]. To assess the effects of wound area on the number of days to heal-
ing, we used GAMMs, assuming a normal distribution, with “number of days to healing” as
the response variable, and “log ;o [wound area]” as the explanatory variable (Table 1, GAMM-
1, GAMM-2). In addition, we set each case as a random effect. For this analysis, we used eight
non-APS cases (Fig 2B, S2 Table). We removed the puncture wounds from our analysis,
because these wounds were likely to be deep, and their depth could not be measured. The
wound area, with the fractional part truncated, was log;o-transformed. As a wound area of “0”
cannot be log-transformed, a wound area of “0” was treated as “0” in this analysis (S2 Table).
GAMMs provide a flexible, nonparametric form of regression modelling that uses smooth
functions to model nonlinear relationships [40, 41]. In the non-linear model, the explanatory
variable “log ;o [wound area]” was fitted with a smooth function. To investigate whether the
non-linear model (using the smooth function) was better than the linear model, these models
were compared using a likelihood ratio test (ANOVA function with the argument test set to X)
and the Akaike Information Criterion (AIC). Generally, the model with a lower AIC value is

Table 1. Coefficients of the generalized additive mixed effect models (GAMMs).

Models Response variable Error AIC Explanatory Estimate | SE |t P | Difference between models (GAMM -1 vs.
distribution variable GAMM-2)

GAMM-1 Number of days to Gaussian 206.6 | Intercept 543 |0.44|12.25| <0.01 p<0.01

non-linear healing s (logyo [wound a ) . <001 (X% =19.40, Adf=1)

model area])

(8 cases,

N =43)

GAMM-2 Number of days to Gaussian 225.4 | Intercept -1.91 | 1.04| -1.84| 0.07

linear model | healing logio [wound area] | 581 | 0.60 | 9.69 | < 0.01

(8 cases,

N = 43)

When the size of wound area was larger, the number of days required for healing increased (GAMM-1, GAMM-2).

% As the “wound area” is smoothed for modelling, this coefficient could not be evaluated.

The non-linear model (GAMM-1) was significantly different from the linear model (GAMM-2) and the Akaike Information Criterion (AIC) of the non-linear model
was smaller than that of the linear model. Therefore, we adopted the non-linear model. The model residuals of GAMM-1 did not differ significantly from a normal
distribution (Kolmogorov-Smirnov test, D = 0.19, P = 0.08). GAMM-1 was significantly better than the null model (X?=70.64, Ad.f. =2, P < 0.001).

https://doi.org/10.1371/journal.pone.0205017.t001
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assumed to be better fit [42]. We also compared the non-linear model with a null model (only
with a random variable) by using a likelihood ratio test when we found significant effects

(P < 0.05) of the explanatory variable using the Wald statistic in the model. After the model
was constructed, we performed the Kolmogorov-Smirnov test to check the model for residual
normality. Based on the results of these tests, we adopted the non-linear model (Table 1,
GAMM-1).

To assess the influence of APS on healing delay, we used generalised linear mixed effect
models (GLMMs), assuming a normal distribution, with “predicted delay time” as the
response variable, and “category of two successive measurement points (normal process, dur-
ing APS, after APS)” as the explanatory variable. In addition, we set each case and individual
ID as random effects. We used eight APS cases (Fig 2B, S2 Table) in this analysis. Significance
of the explanatory variable was tested using the Wald statistic. Similarly, we compared the
model with a null model (only with a random variable) by using a likelihood ratio test when
we found significant effects of the explanatory variable in the model. After the model was
constructed, we performed the Kolmogorov-Smirnov test to check the model for residual
normality.

Results
Rates of cutaneous wounds and wound healing time

We recorded 61 cutaneous wounds (puncture: 3 cases, cut and tear: 54 cases, and confirmation
of bleeding only: 4 cases) and no individuals died due to cutaneous wounds. The daily rate of
wound in the adult males in our study was 0.032 + 0.016 cutaneous wounds per male per day
(mean £ SD, N =7, range = 0.003-0.047, i.e., 1 wound every 31 d, S3 Table).

In 16 cases, we were able to assess the number of days required for the wound to heal. Of
these 16 wounds, the median wound area on the first day was 84.3 mm” (range: 18.9-812.3 mm?)
and the median healing time was 13 d (range: 6-42 d). No significant correlation was noted
between the length and width of wounds (Pearson correlation, 0.47; P = 0.63, N = 16; Fig 2C).

Because eight of the 16 cases included the day of APS, we determined the influence of
wound area on the number of days to healing by using the eight non-APS cases. When the
wound area was larger, the number of days required for healing increased (GAMM, P < 0.01;
Fig 3A, Table | GAMM-1; hereafter, this model is referred to as the “healing model”). No
inflection points were found in the smoothing spline.

Detail of APS cases

Based on the eight APS cases (Fig 3B), we calculated the predicted delay time. The mean pro-
portion of peeled scabs to the wound area was 58% (N = 16, range = 4-100%, S4 Table), and
no significant correlation was noted between the predicted delay time and the proportion of
pealed scab in the wound area (Pearson correlation, -0.15; P = 0.59, N = 16, S4 Table). The
value of the predicted delay time of “during APS” was larger than that for "normal process"
(Fig 4, Table 2). This suggests that healing time became longer when the scab was peeled off.
On the other hand, no difference was found between “normal process” and “after APS”. In
four of the eight APS cases, we observed that the individuals touched their wound area, and
picked up the scab using their fingers.

Discussion

In our wild baboons study, we showed that the individual wound rate was one per month on
average, and none of our study baboons died as a consequence of their wounds. In 16 cases,
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(A) non-APS case (healing model)) (B) APS case

Number of days to healing (day)

40

30

20

log,, [wound area (mm?)] log,, [wound area (mm?)]

Fig 3. Relationship between wound area and healing time. (A) Eight non- Accidental peeling off of scabs (APS) cases (N = 43, S2 Table).
The healing curve for each case (black dots and lines), regression curve (bold red lines, Table I GAMM-1), and 95% confidence interval
(red-shaded area) are shown. The prediction interval (blue dashed lines) is the predicted value + (SD of model residuals) x 2. We showed
the same regression curve and prediction interval is shown in (B)., (B) Eight APS cases (N = 104, S2 Table). Green dots indicate the point
at which the scab was peeled off (APS). In five of eight APS cases, multiple measuring days showed APS during the healing process.

https://doi.org/10.1371/journal.pone.0205017.g003

the median healing time was 13 d. When the scab was peeled off accidentally (APS), healing
time becomes longer. In addition, one of the causes of APS was scab-picking behavior in wild
baboons.

Healing model and the influence of APS on healing time

Healing time can be predicted from the size of the wound area in terms of normal healing
process of cutaneous wounds: scabs were formed on the wound area after wounding, and the
healing was finished as scabs was peeled off naturally [20]. In a previous study, Drews [10]
examined the relationships between healing time and wound length, and suggested that
wound length is an insufficient indicator of healing time in yellow baboons (Papio cynocepha-
lus) [10]. Measuring not only wound length [10, 17, 18], but also wound area is preferential to
estimate healing time because wound length and width are not correlated.

Wound healing time was affected by APS as it was longer “during APS” than in “normal
process”. Although internal factors (hormones and reproductive state) have been proposed to
delay wound healing [14, 15, 17, 18], external factors (e.g., APS) also need to be taken into con-
sideration. Secondary damage of wounds (i.e., APS) is not rare in wild baboons, as five of the
seven individuals observed experienced APS once during our 11-month study period. Based
on the “healing model” developed here, we showed that not only the healing time but also the
delay time caused by external factors (e.g., APS) can be estimated.

The secondary damage during healing process resulted in delayed healing. However, the
proportion of pealed scabs in the wounded area was not correlated with healing delayed.
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Fig 4. Predicted delay time and Accidental peeling off of scabs (APS). The bar and vertical line on the bar graph,
represent the mean + SD of the data in each category.

https://doi.org/10.1371/journal.pone.0205017.g004

During APS, healing time might be delayed when the tissue is damaged, or the wound area
expands. After APS, no difference in the delay time was found between “normal process” and
“after APS”. Although scabs have functions as barriers against foreign material [21], we did
not observe any infection after APS. Thus, our result suggests that the influence of peeling scab
on healing time and infection was not long and serious. After APS, we can re-predict healing
time from wound area using the “healing model.”

One of the causes of APS in wild baboons was scab-picking, and baboons worsened their
own wounds. In humans, skin-picking behaviour, including APS [43] is considered a “self-
injurious behaviour” (SIB) that is defined as a physical attack on or potentially damaging

Table 2. Coefficients of the generalized linear mixed effect models (GLMMs).

Error distribution | Response variable Explanatory variable Estimate SE t P
Gaussian Predicted delay time Intercept 0.11 0.26 0.41 0.68
(day) Category of two successive measurement points Normal process 0 0 - -
(N=6D) During APS | 121 047 | 260 | <005
After APS -0.44 0.61 -0.73 0.47

The model residuals did not differ significantly from a normal distribution (Kolmogorov-Smirnov test, D = 0.12, P = 0.33). This model was significantly better than the

null model (X? = 8.07, Ad.f. =2, P < 0.05).

https://doi.org/10.1371/journal.pone.0205017.t1002
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manipulation of one’s body [44], and the baboons’ scab-picking behaviour may be included in
SIB. The skin-picking behavior has been reported to relieve tension in humans [43, 45]. In cap-
tive non-human primates, SIB has the same effect as in humans, and it is associated with heart
rate return to baseline exposed to stressors [46]. In many instances, self-directed biting has
been reported not to result in actual wounds [46, 47], and the healing cost of SIB seems to be
low in primates. Our results showed that the cost of APS in terms of healing time was on mean
1.3 days (Fig 4). Thus, the healing cost of APS was not high compared with that of acquiring a
new wound. Wounded male anubis baboons generally avoid interactions with other baboons
[11, 48] which might avoid additional wounding due to further male attacks. After wounding,
baboons sometimes may peel their scabs for their tension relief.

Impact of wounds on wild baboons survival

Wounds had little effect on the survival of male baboons during our study periods and the
observed wounds seemed not serious. We observed one wound per month on average, and the
median healing time was 9.5 d (non-APS cases) or 18.5 d (APS cases). Previous studies on wild
yellow baboons, reported one per 1.5 month [10] and the median healing time of the wounds
was 26-30 d [10, 17]. In previous studies [10, 17], the confirmation interval of wounds was 6
to 14 d, which is longer than that in our study. Thus, recording small wounds (e.g., healing
time is within one week) would have been difficult in previous studies [10, 17]. In addition,
APS was not recorded in previous studies [10, 17]. Therefore, accurate comparison with previ-
ous studies is difficult. However, we can suggest that half of the wounds are assumed to heal
within a month in wild male baboons. Cutaneous wounds that take more than one month to
heal can be regarded as relatively severe wounds for wild baboons.

Behavioral mechanisms that prevent aggressive escalation are thought to be selected in
social animals [10, 33, 49, 50]. In this study, most of cutaneous wounds were mild wounds
(healing time was less than two weeks). In anubis baboons, approximately 50% of aggressive
behaviors include chasing [34], in which attack recipients can avoid serious wounds by evad-
ing attacks or escaping. In mammals, lethal physical wounds occur when the costs of losing a
mating contest are high or when escaping from attackers is difficult (e.g., coalitional attacks)
[23], and lethal injuries have been reported in anubis baboons in the situations described
above [11, 48]. When recipients do not or cannot escape from attackers, they might receive
serious wounds. Lethal physical attacks have been widely reported in social mammals [23, 24].
In the future, clarifying the patterns of serious physical attacks in social mammals (e.g., pri-
mates) might be possible by measuring the severity of wounds (e.g., healing time). Moreover,
we generated a model to predict healing time based on wound area that can be used in future
comparative research. To our knowledge, this is the first study to measure wound area contin-
uously, from the first day of wounding to the day of healing, not only in non-human primates,
but also in large- and medium-sized wild animals. The healing time of studied animals will be
based on initial pilot studies that document the comprehensive healing profile [1], such as our
study.
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$2 Table. Data on the wound area and healing time.
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(XLSX)

Acknowledgments

We thank NACOSTI of Kenya for granting us permission to perform research in Kenya. We
also thank the Director of Mpala Research Centre, Dr. Dino Martins, and staffs for their coop-
eration, and Mr. Andrea Surmat and Mr. Peter Lokeny for field assistances.

Author Contributions
Conceptualization: Akiko Matsumoto-Oda.
Data curation: Akiko Matsumoto-Oda.

Formal analysis: Haruka Taniguchi.

Funding acquisition: Akiko Matsumoto-Oda.
Investigation: Haruka Taniguchi.

Methodology: Haruka Taniguchi, Akiko Matsumoto-Oda.
Project administration: Akiko Matsumoto-Oda.
Supervision: Akiko Matsumoto-Oda.
Visualization: Haruka Taniguchi.

Writing - original draft: Haruka Taniguchi.

Writing - review & editing: Akiko Matsumoto-Oda.

References

1. Demas GE, Zysling DA, Beechler BR, Muehlenbein MP, French SS. Beyond phytohaemagglutinin:
assessing vertebrate immune function across ecological contexts. J Anim Ecol. 2011; 80: 710-730.
https://doi.org/10.1111/j.1365-2656.2011.01813.x PMID: 21401591

2. Semple S, Cowlishaw G, Bennett PM. Immune system evolution among anthropoid primates: parasites,
injuries and predators. Proc R Soc Lond B Biol Sci. 2002; 269: 1031-1037.

3. Owens IP, Wilson K. Immunocompetence: a neglected life history trait or conspicuous red herring?
Trends Ecol Evol. 1999; 14:170-172.

4. Singer AJ, Clark RA. Cutaneous wound healing. N Engl J Med. 1999; 341: 738-746. https://doi.org/10.
1056/NEJM199909023411006 PMID: 10471461

5. Steinstraesser L, Hirsch T, Schulte M, Kueckelhaus M, Jacobsen F, Mersch EA, et al. Innate defense
regulator peptide 1018 in wound healing and wound infection. PloS one. 2012; 7: €39373. https://doi.
org/10.1371/journal.pone.0039373 PMID: 22879874

6. Wilson BS. Tail injuries increase the risk of mortality in free-living lizards (Uta stansburiana). Oecologia.
1992; 92: 145-152. https://doi.org/10.1007/BF00317275 PMID: 28311825

7. Reichard JD, Kunz TH. White-nose syndrome inflicts lasting injuries to the wings of little brown myotis
(Myotis lucifugus). Acta Chiropt. 2009; 11: 457-464.

8. Clutton-Brock TH, Guinness FE, Albon SD. Red deer: behavior and ecology of two sexes. Chicago:
University of Chicago press; 1982.

9. Clutton-Brock TH, Albon S, Gibson R, Guinness FE. The logical stag: adaptive aspects of fighting in red
deer (Cervus elaphusL.). Anim Behav. 1979; 27: 211-225.

10. Drews C. Contexts and patterns of injuries in free-ranging male baboons (Papio cynocephalus). Behav-
iour. 1996; 133:443-474.

PLOS ONE | https://doi.org/10.1371/journal.pone.0205017  October 9, 2018 11/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205017.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205017.s004
https://doi.org/10.1111/j.1365-2656.2011.01813.x
http://www.ncbi.nlm.nih.gov/pubmed/21401591
https://doi.org/10.1056/NEJM199909023411006
https://doi.org/10.1056/NEJM199909023411006
http://www.ncbi.nlm.nih.gov/pubmed/10471461
https://doi.org/10.1371/journal.pone.0039373
https://doi.org/10.1371/journal.pone.0039373
http://www.ncbi.nlm.nih.gov/pubmed/22879874
https://doi.org/10.1007/BF00317275
http://www.ncbi.nlm.nih.gov/pubmed/28311825
https://doi.org/10.1371/journal.pone.0205017

@° PLOS | ONE

Wound healing in wild male baboons

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Packer C. Male dominance and reproductive activity in Papio anubis. Anim Behav. 1979; 27: 37-45.
PMID: 555842

Dittus WP, Ratnayeke SM. Individual and social behavioral responses to injury in wild toque macaques
(Macaca sinica). Int J Primatol. 1989; 10: 215-234.

Ceballos-Vasquez A, Caldwell JR, Faure PA. Seasonal and reproductive effects on wound healing in
the flight membranes of captive big brown bats. Biol Open. 2015; 4: 95-103.

Archie E. Wound healing in the wild: stress, sociality and energetic costs affect wound healing in natural
populations. Parasite Immunol. 2013; 35: 374-385. https://doi.org/10.1111/pim.12048 PMID:
23808526

French SS, Moore MC. Immune function varies with reproductive stage and context in female and male
tree lizards, Urosaurus ornatus. Gen Comp Endocrinol. 2008; 155: 148—156. https://doi.org/10.1016/j.
ygcen.2007.04.007 PMID: 17517411

Weaver KN, Alfano SE, Kronquist AR, Reeder DM. Healing rates of wing punch wounds in free-ranging
little brown myotis (Myotis lucifugus). Acta Chiropt. 2009; 11: 220-223.

Archie EA, Altmann J, Alberts SC. Social status predicts wound healing in wild baboons. Proc Natl Acad
Sci USA. 2012; 109: 9017-9022. https://doi.org/10.1073/pnas.1206391109 PMID: 22615389

Archie EA, Altmann J, Alberts SC. Costs of reproduction in a long-lived female primate: injury risk and
wound healing. Behav Ecol Sociobiol. 2014; 68: 1183—1193. hitps://doi.org/10.1007/s00265-014-
1729-4 PMID: 25045201

Pollock T, Moreno CR, Sanchez L, Ceballos-Vasquez A, Faure PA, Mora EC. Wound healing in the
flight membranes of wild big brown bats. J Wildl Manage. 2016; 80: 19-26.

Braiman-Wiksman L, Solomonik I, Spira R, Tennenbaum T. Novel insights into wound healing
sequence of events. Toxicol Pathol. 2007; 35:767—-779. https://doi.org/10.1080/01926230701584189
PMID: 17943650

Lionelli GT, Lawrence WT. Wound dressings. Surg Clin. 2003; 83:617-638.

Winter GD. Formation of the scab and the rate of epithelization of superficial wounds in the skin of the
young domestic pig. Nature. 1962; 193:293. PMID: 14007593

Sherrow HM. Violence across animals and within early hominids. In: Shackelford TK, Weekes-Shackel-
ford VA, editors. The oxford handbook of evolutionary perspectives on violence, homicide, and war.
Oxford: Oxford University Press; 2012. pp. 23—-40.

Godémez JM, Verdu M, Gonzalez-Megias A, Méndez M. The phylogenetic roots of human lethal violence.
Nature. 2016; 538: 233—-237. https://doi.org/10.1038/nature 19758 PMID: 27680701

Deutsch CJ, Crocker DE, Costa DP, Le Boeuf BJ. Sex-and age-related variation in reproductive effort
of northern elephant seals. In: Le Boeuf BJ, Laws RM, editors. Elephant seals: population ecology,
behavior, and physiology. California: University of California Press; 1994. pp. 169-210.

Scott EM, Mann J, Watson-Capps JJ, Sargeant BL, Connor RC. Aggression in bottlenose dolphins: evi-
dence for sexual coercion, male-male competition, and female tolerance through analysis of tooth-rake
marks and behaviour. Behaviour. 2005; 142: 21-44.

Smuts BB. Gender, aggression, and influence. In: Smuts BB, Cheney DL, Seyfarth RM, Wrangham
WR, Struhsaker TT, editors. Primate Societies. Chicago: University of Chicago Press; 1987. pp. 400—
412.

MacCormick HA, MacNulty DR, Bosacker AL, Lehman C, Bailey A, Collins DA, et al. Male and female
aggression: lessons from sex, rank, age, and injury in olive baboons. Behav Ecol. 2012; 23: 684-691.

Wilkinson PF, Shank CC. Rutting-fight mortality among musk oxen on Banks Island, Northwest Territo-
ries, Canada. Anim Behav. 1976; 24: 756-758.

Geist V. On fighting strategies in animal combat. Nature. 1974; 250: 354.

Wilson ML, Boesch C, Fruth B, Furuichi T, Gilby IC, Hashimoto C, et al. Lethal aggression in Pan is bet-
ter explained by adaptive strategies than human impacts. Nature. 2014; 513: 414—-417. https://doi.org/
10.1038/nature13727 PMID: 25230664

Plavcan JM, van Schaik CP, Kappeler PM. Competition, coalitions and canine size in primates. J Hum
Evol. 1995; 28: 245-276.

Aureli F, Cords M, Van Schaik CP. Conflict resolution following aggression in gregarious animals: a pre-
dictive framework. Anim Behav. 2002; 64: 325-343.

Owens NW. A comparison of aggressive play and aggression in free-living baboons, Papio anubis.
Anim Behav. 1975; 23: 757-765. PMID: 1239227

Leeds A, Boyer D, Ross SR, Lukas KE. The effects of group type and young silverbacks on wounding
rates in western lowland gorilla (Gorilla gorilla gorilla) groups in North American zoos. Zoo Biol. 2015;
34: 296-304. https://doi.org/10.1002/z00.21218 PMID: 26094937

PLOS ONE | https://doi.org/10.1371/journal.pone.0205017  October 9, 2018 12/13


http://www.ncbi.nlm.nih.gov/pubmed/555842
https://doi.org/10.1111/pim.12048
http://www.ncbi.nlm.nih.gov/pubmed/23808526
https://doi.org/10.1016/j.ygcen.2007.04.007
https://doi.org/10.1016/j.ygcen.2007.04.007
http://www.ncbi.nlm.nih.gov/pubmed/17517411
https://doi.org/10.1073/pnas.1206391109
http://www.ncbi.nlm.nih.gov/pubmed/22615389
https://doi.org/10.1007/s00265-014-1729-4
https://doi.org/10.1007/s00265-014-1729-4
http://www.ncbi.nlm.nih.gov/pubmed/25045201
https://doi.org/10.1080/01926230701584189
http://www.ncbi.nlm.nih.gov/pubmed/17943650
http://www.ncbi.nlm.nih.gov/pubmed/14007593
https://doi.org/10.1038/nature19758
http://www.ncbi.nlm.nih.gov/pubmed/27680701
https://doi.org/10.1038/nature13727
https://doi.org/10.1038/nature13727
http://www.ncbi.nlm.nih.gov/pubmed/25230664
http://www.ncbi.nlm.nih.gov/pubmed/1239227
https://doi.org/10.1002/zoo.21218
http://www.ncbi.nlm.nih.gov/pubmed/26094937
https://doi.org/10.1371/journal.pone.0205017

@° PLOS | ONE

Wound healing in wild male baboons

36.

37.

38.

39.

40.

M,

42,

43.

44,

45.

46.

47.

48.
49.

50.

Matsumoto-Oda A. How surviving baboons behaved after leopard predation: a case report. Jinruigaku
Zasshi. 2015; 123: 13-17.

Rennert R, Golinko M, Kaplan D, Flattau A, Brem H. Standardization of wound photography using the

wound electronic medical record. Adv Skin Wound Care. 2009; 22: 32—38. https://doi.org/10.1097/01.
ASW.0000343718.30567.cb PMID: 19096283

R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. 2017. https://www.R-project.org/

Bates D, Maechler M, Bolker B, Walker S, Christensen RHB, Singmann H, et al. ‘lme4’. R foundation for
statistical computing, Vienna. 2014; 12. https://github.com/Ime4/Ime4/ http://Ime4.r-forge.r-project.org/
Wood S, Scheipl F, Wood MS. Gamm4: generalized additive mixed models using mgcv and Ime4. R
package version 0.2.5. 2017. http:/CRAN.R-project.org/package=gamm4

Wood SN. Generalized additive models: an introduction with R. 1s ed. Philadelphia: Chapman and
Hall/CRC; 2006.

Burnham KP, Anderson DR, Huyvaert KP. AIC model selection and multimodel inference in behavioral
ecology: some background, observations, and comparisons. Behav Ecol Sociobiol. 2011; 65: 23-35.

Tucker BT, Woods DW, Flessner CA, Franklin SA, Franklin ME. The Skin Picking Impact Project: phe-
nomenology, interference, and treatment utilization of pathological skin picking in a population-based
sample. J Anxiety Disord. 2011; 25:88-95. https://doi.org/10.1016/j.janxdis.2010.08.007 PMID:
20810239

Lutz C, Marinus L, Chase W, Meyer J, Novak M. Self-injurious behavior in male rhesus macaques does
not reflect externally directed aggression. Physiol Behav. 2003; 78:33—-39. PMID: 12536008

Dellinge-Ness LA, Handler L. Self-injurious behavior in human and non-human primates. Clin Psychol
Rev. 2006; 26:503-514. https://doi.org/10.1016/j.cpr.2006.03.004 PMID: 16713051

Novak MA. Self—injurious behavior in rhesus monkeys: new insights into its etiology, physiology, and
treatment. Am J Primatol. 2003; 59:3-19. https://doi.org/10.1002/ajp.10063 PMID: 12526035

Chamove AS, Anderson JR, Nash VJ. Social and environmental influences on self-aggression in mon-
keys. Primates. 1984; 25:319-325.

Popp JL. Male baboons and evolutionary principles. Cambridge: Harvard University Press; 1978.

Aureli F, Schaffner CM. Aggression and conflict management at fusion in spider monkeys. Biol Lett.
2007; 3: 147—-149. https://doi.org/10.1098/rsbl.2007.0041 PMID: 17311775

Georgiev AV, Klimczuk AC, Traficonte DM, Maestripieri D. When violence pays: a cost-benefit analysis
of aggressive behavior in animals and humans. Evol Psychol. 2013; 11: 678-699. PMID: 23864299

PLOS ONE | https://doi.org/10.1371/journal.pone.0205017  October 9, 2018 13/13


https://doi.org/10.1097/01.ASW.0000343718.30567.cb
https://doi.org/10.1097/01.ASW.0000343718.30567.cb
http://www.ncbi.nlm.nih.gov/pubmed/19096283
https://www.R-project.org/
https://github.com/lme4/lme4/
http://lme4.r-forge.r-project.org/
http://CRAN.R-project.org/package=gamm4
https://doi.org/10.1016/j.janxdis.2010.08.007
http://www.ncbi.nlm.nih.gov/pubmed/20810239
http://www.ncbi.nlm.nih.gov/pubmed/12536008
https://doi.org/10.1016/j.cpr.2006.03.004
http://www.ncbi.nlm.nih.gov/pubmed/16713051
https://doi.org/10.1002/ajp.10063
http://www.ncbi.nlm.nih.gov/pubmed/12526035
https://doi.org/10.1098/rsbl.2007.0041
http://www.ncbi.nlm.nih.gov/pubmed/17311775
http://www.ncbi.nlm.nih.gov/pubmed/23864299
https://doi.org/10.1371/journal.pone.0205017

